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)XUWKHU ILHOGV ZLWK LQWHQVLYH UHVHDUFK DFWLYLWLHV DUH WKH ORQJLWXGLQDO DQG RUELWDO ZHOGLQJ RI SLSHOLQHV RU WKH
ZHOGLQJRIRIIVKRUHZLQGHQHUJ\SODQWVIRXQGDWLRQV7\SLFDOPDWHULDOVZHOGHGDUHSLSHOLQHVWHHOV;;;
RUYHU\FRPPRQ6VWUXFWXUDOVWHHO6RNRORYHWDO
7KHLQWHUHVWLQWKHVHODVHUVUHVXOWVIURPWKHKLJKSRZHUDQGEULJKWQHVVZKLFKIDFLOLWDWHWKHVLQJOHSDVVZHOGLQJ
RIWKLFNVHFWLRQVZLWKPLQLPDOGLVWRUWLRQWKHZDYHOHQJWKZKLFKHQDEOHVWKHEHDPGHOLYHU\YLDDILEUHWKHKLJKSOXJ
HIILFHQF\DQGDVPDOOIRRWSULQWZKLFKPDNHVDQDSSOLFDWLRQLQILHOGFRQGLWLRQVSRVVLEOH
1HYHUWKHOHVV WKHUH DUH VWLOO VRPHPDMRU FKDOOHQJHVZKLFKKDYH WR EH VROYHGZKLFK DUH OLVWHG KHUH DQGZLOO EH
GLVFXVVHG LQ WKHIROORZLQJPDMRUFKDSWHUV7RZRUNZLWKD ODVHUQRUPDOO\ LPSOLHV WKHQHHG WRKDYHKLJKSUHFLVLRQ
SDUWVZLWKRXWDQ\JDSVRUPLVDOLJQPHQWVZKLFKLVQRWSRVVLEOHLQPRVWDSSOLFDWLRQV7KHUHIRUHDORWRIUHVHDUFKZDV
GRQHLQWKHILHOGRIODVHUK\EULGZHOGLQJ2QHPDMRUDVSHFWKHUHLVWKHKRWFUDFNIRUPDWLRQZKHQZHOGLQJWKLFNSODWHV
LQVLQJOHSDVV1LHOVHQ$QRWKHUELJFKDOOHQJHLVWKHK\GURVWDWLFSUHVVXUHZKLFKZLOOOHDGWRH[FHVVLYHURRW
GURSSLQJZKHQZHOGLQJ VLQJOHSDVVZHOGV LQ WKLFNQHVVHVRIPPRUDERYH6RPH LQWHUHVWLQJZRUNVZHUHGRQH
ORRNLQJ LQWRDQHOHFWURPDJQHWLFZHOG VXSSRUW V\VWHP$YLORY %DFKPDQQ 
'XULQJ WKH ODVW \HDUV WKHUH ZHUH DOVR GLIIHUHQW UHVHDUFK JURXSV ORRNLQJ LQWR ODVHU EHDP ZHOGLQJ XQGHU
YDFXXPUHGXFHGSUHVVXUHZKLFK FDQKDYH VLJQLILFDQW DGYDQWDJHV0DQ\RI WKH H[SHULPHQWV LQ WKHGLIIHUHQW ILHOGV
ZHUHDOVRDFFRPSDQLHGE\VLPXODWLRQV
/DVHUK\EULGZHOGLQJ
,QODVHUK\EULGZHOGLQJQRUPDOO\DQDUFZHOGLQJSURFHVVHJJDVPHWDODUFZHOGLQJSURFHVV*0$:LVFRXSOHG
ZLWK D ODVHU LQ RQH SURFHVV ]RQH EXW WKHUH DUH DOVR K\EULG SURFHVVHV FRPELQLQJ ODVHU DQG VXEPHUJH DUFZHOGLQJ
6$: 5HLVJHQ  E 7KH JHQHUDO LGHD LV WR FRPELQH WKH DGYDQWDJHV RI ERWK SURFHVVHV WKH GHHS
SHQHWUDWLRQDQGKLJKZHOGLQJVSHHGVIURPWKHODVHUZLWKWKHJRRGJDSEULGJHDELOLW\DQGWKHRSSRUWXQLW\RIDILOOHU
PHWDORIWKH*0$:SURFHVV)XUWKHUPRUHLWLVZHOONQRZQWKDWWKHDUFLVVWDELOL]LQJWKHODVHUDQGYLFHYHUVDVRWKDW
WKHUHLVDPXFKPRUHVWDEOHK\EULGSURFHVV$FRPSUHKHQVLYHUHYLHZDOVRRQWKHLQGXVWULDODSSOLFDWLRQVFDQEHIRXQG
HJLQ5LELFHWDO
$PDLQGULYHUIRUODVHUK\EULGZHOGLQJSURFHVVHVLVWKHDSSOLFDWLRQLQWKHILHOGRIKXJHVWUXFWXFWXUHVZLWKKHDY\
SODWHVOLNHVKLSVSLSHVRURIIVKRUHFRQVWUXFWLRQVZKHUHHGJHSUHSDUDWLRQDQGPLVDOLJQPHQWFDQQRWEHDYRLGHG7R
UHDFKGHHSSHQHWUDWLRQLQFRPELQDWLRQZLWKORZKHDWLQSXWDQGORZGLVWRUWLRQWKHRQO\RWKHUVXLWDEOHZHOGLQJSURFHVV
ZRXOGEHHOHFWURQEHDPZHOGLQJ(%:+HUHZLWKWKHQHFHVVDU\YDFXXPFKDPEHULVDPDMRUGUDZEDFN'XULQJWKH
ODVWGHFDGHVHYHUDOUHVHDUFKJURXSVZRUNHGZLWKODVHUSRZHUVRIXSWRN:WRUHDFKVLQJOHSDVVZHOGVZLWKKLJK
WKLFNQHVVHV.DWD\DPD9ROOHUWVHQHWDOSXEOLVKHGUHVXOWVRIWKLFNSODWHVZHOGLQJLQ3$*SRVLWLRQ
ZLWKDN:ODVHUSRZHURIPPPLOGVWHHOLQVTXDUHEXWWMRLQWUHDFKLQJPPLQZHOGLQJVSHHGPPZHUH
MRLQHGZLWKHGJHSUHSDUDWLRQ#N:ODVHUSRZHU8VLQJDPXOWLSDVV WHFKQLTXH5HWKPHLHUHWDO  VKRZHG
UHVXOWVRIZHOGLQJRIPPWKLFNSLSHOLQHVWHHO;LQSDVVHV)LJ7RZHOGHYHQKLJKHUWKLFNQHVVHVZLWKOHVV
SDVVHV WKH XVH RI ODVHU 6$: K\EULG ZHOGLQJ FDQ EH EHQHILFLDO:KHQ FRPELQLQJ ODVHU DQG 6$: WKH GLVWDQFH
EHWZHHQWKHWZRSURFHVVHVLVFUXFLDO:LWKDPPGLVWDQFHV\QHUJ\HIIHFWVDUHUHDFKHGZKLFKZLOOEHHOLPLQDWHG
IRU KLJKHU GLVWDQFHV 5HLVJHQ HW DO :LWK RSWLPDO SDUDPHWHUV D PP MRLQW LV SRVVLEOHZKHQZHOGLQJ LQ
GRXEOHVLGHGVLQJOHSDVVWHFKQLTXH

)LJPPOD\HUVOHIWDQGPPOD\HUVULJKWPXOWLSDVVZHOGV
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'XULQJ ODVHU*0$:K\EULGZHOGLQJ WKH SRVVLEOH HGJHPLVDOLJQPHQW ZDV PPZLWK JDSV RI XS WR PP
5HWKPHLHU HW DO  6LPLODU UHVXOWV ZHUH SUHVHQWHG E\ 7XULFKLQ HW DO  ZKHUH D JRRG ZHOG EXW ZLWK
XQGHUFXWVZDVVWLOOSURGXFHGZLWKDJDSZLGWKEHWZHHQPPDQGPP$Q LQWHUHVWLQJDSSURDFK IRUPP
WKLFNVTXDUHJURRYHEXWWMRLQWVZDVSUHVHQWHGE\:DKEDHWDOZKRXVHGDEDFNLQJDQGEHVLGHVWKDWFXWZLUH
SDUWLFOHVWREULGJHDJDSRIPP
)XUWKHU ZRUN E\ *RRN HW DO  VKRZHG WKH SRWHQWLDO RI WKH ODVHU K\EULG ZHOGLQJ SURFHVV IRU D UHOLDEOH
SURGXFWLRQRIORQJLWXGLQDOZHOGVRIKLJKVWUHQJWKSLSHVWHHOV;DQG;,QWKLVFDVHD*0$:WDFNZHOGZDV
VXEVWLWXWHGE\DODVHUK\EULGZHOGUHDFKLQJDOOQHFHVVDU\FKDUS\YDOXHVHYHQIRUWHPSHUDWXUHVRI&
2QH YHU\ SURPLQHQW DSSOLFDWLRQ LV DQ DVVHPEOLQJ RI SLSHOLQHV 7KHUHIRUH D KDOI RUELWDO ZHOGLQJ SURFHVV LV
QHFHVVDU\ WR MRLQ WKH OLQHSLSHVZLWK WKLFNQHVVHVRIRQH WRVHYHUDO LQFKHV7KLVDSSOLFDWLRQ LVRIDKLJKHFRQRPLFDO
LQWHUHVWDVRQHDLPVWRVXEVWLWXWHDVORZPXOWLSDVV00$:RU*0$:SURFHVVE\DVLQJOHSDVVODVHUK\EULGZHOGLQJ
SURFHVV$PDMRUFKDOOHQJHLV WKHDSSOLFDWLRQRI WKHODVHUK\EULGSURFHVV LQDOOSRVLWLRQV5HVXOWVIURP*RRNHWDO
DEDQG*XPHQ\XNDQG5HWKPHLHUVKRZWKDWWKLVLVSULQFLSLDOO\SRVVLEOHIRUSLSHVRIXSWRPP
LQWKLFNQHVVZKHQXVLQJDODVHUSRZHURIDURXQGN:DQGDZHOGLQJVSHHGRIPPLQLQWKHIDOOLQJSRVLWLRQV
)LJ 7KH KLJK ZHOGLQJ VSHHG LV QHFHVVDU\ WR DYRLG D GURSSLQJ RI WKH ZHOG VHDP HVSHFLDOO\ LQ WKH RYHUKHDG
SRVLWLRQ)XUWKHUPRUHDURRWEDFNLQJJDVLVYHU\XVHIXOWRJXDUDQWHHDJRRGIRUPDWLRQRIWKHURRW
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$QRWKHUPDMRUFKDOOHQJHZKLFKRFFXUVGXULQJODVHUK\EULGZHOGLQJRIWKLFNSODWHVLVWKHDSSHDUDQFHRIKRWFUDFNV
7KRVHKRWFUDFNVDUHLQIOXHQFHGE\WKHDOOR\FRPSRVLWLRQWKHWHPSHUDWXUHILHOGGXHWRWKHZHOGLQJSURFHVVDQGWKH
PHFKDQLFDOFRQVWUDLQWRIWKHZHOGLQJFRQVWUXFWLRQ&URVV7KH\FDQHYHQDSSHDUZKHQWKHDOOR\FRPSRVLWLRQ
LVQRWFULWLFDO*HEKDUGWHWDOVKRZHGUHVXOWVRIZHOGHGWXEHVLQORZ6DQG3KLJKVWUHQJWKVWHHOVZKHUHWKH
PDLQ LQIOXHQFLQJ IDFWRU FRXOG EH VHHQ LQ WKH MRLQW SHQHWUDWLRQ )XOO SHQHWUDWLQJ ZHOGV VKRZHG QR KRW FUDFNLQJ
ZKHUHDVSDUWLDOSHQHWUDWLQJZHOGV VKRZHGFUDFNV7KLV HIIHFWZDVDOVRVWXGLHGZLWK WKHKHOSRI)(0VLPXODWLRQV
*HEKDUGWHWDO 7KHUHVXOWVVKRZHGKLJKVWUHVVHV LQ UHJLRQVZKHUHVROLGLILFDWLRQFUDFNVZHUHIRXQG LQ WKH
H[SHULPHQWV ZLWK KLJKHU OHYHOV LQ WKH SDUWLDO SHQHWUDWLRQ PRGHO :KHQ ORRNLQJ LQWR WKH HIIHFW RI WKH SURFHVV
SDUDPHWHU*HEKDUGWHWDOFRXOGLGHQWLI\WKDWWKHUHDUHKLJKO\VLJQLILFDQWLQIOXHQFHVRIZLUHIHHGLQJVSHHGDQG
ODVHUEHDPSRZHUZKLOHWKHZHOGLQJYHORFLW\KDGQRPHDVXUDEOHLPSDFW
:LWKLQ WKH ODVW \HDUV DQG WKH ULVLQJ WRSLF RI VXVWDLQDELOLW\ OLIH F\FOH DVVHVPHQWV FRXOG SURRI WKDW ODVHU K\EULG
ZHOGLQJLVDYHU\VXVWDLQDEOHSURFHVVFRPSDUHGWRIRUH[DPSOH*0$:DQGPDQXDOPHWDODUFZHOGLQJ00$:
6SU|VVHUHWDO&KDQJHWDO



)LJD/DVHUK\EULGZHOGHGSLSH´;WKLFNQHVVPP E0DFURVHFWLRQ ZHOGHGLQ3$SRVLWLRQ#N:ODVHUSRZHUDQGPPLQ
18   M. Bachmann et al. /  Physics Procedia  83 ( 2016 )  15 – 25 
3URFHVVGLDJQRVWLFVDQGVLPXODWLRQ
7RXQGHUVWDQG WKHEDVLFSKHQRPHQD LQ ODVHUDQG ODVHUK\EULGZHOGLQJVRPHUHVHDUFKHUVXVHEHVLGHVKLJKVSHHG
YLGHRVDOVR;UD\WUDQVPLVVLRQUHDOWLPHREVHUYDWLRQV\VWHPV.DWD\DPDHWDO3DQHWDO:LWK
WKHKHOSRIWKRVHV\VWHPVYHU\LPSUHVVLYHLQVLJKWVLQWRWKHSURFHVVDUHSRVVLEOH,QWKHFDVHRIWKH;UD\WUDQVPLVVLRQ
UHDOWLPHREVHUYDWLRQV\VWHPVRQHKDVWREHDULQPLQGWKHYHU\WKLQVSHFLPHQZKLFKPLJKWDOVRKDYHDQLQIOXHQFHRQ
WKHSURFHVV LWVHOI1HUYHUWKHOHVV WKHSKHQRPHQDGXULQJZHOGLQJDQGHVSHFLDOO\ WKHSRUH IRUPDWLRQFDQEH VWXGLHG
YHU\ZHOO
$QRWKHUDSSURDFKZKHQZHOGLQJZLWKKLJKSRZHUODVHUVLVWRORRNLQWRWKHHIIHFWRIWKHYDSRXUSOXPH.DWD\DPD
HWDOZKLFKLVVLJQLILFDQWO\GLIIHUHQWIURPWKHHIIHFWVZHOONQRZQIURPKLJKSRZHU&2ODVHUVZKHUHLWLVD
EDUULHUIRUUHDOO\GHHSSHQHWUDWLRQZHOGLQJ!PP6KFKHJORYHWDOFDOFXODWHGWKHPHDQVTXDUHEDQGRIWKH
SRZHU RVFLOODWLRQV RI UDGLDWLRQ HQWHULQJ WKH GHHS SHQHWUDWLRQ FKDQHO LQOHW WR UDQJH EHWZHHQ  DQG  RI WKH
LQLWLDOILEHUODVHUSRZHU)LJDPHDVXUHGXSWRN:7KLVPHDQVWKDWQRWPRUHWKDQRIWKHODVHUSRZHUDUH
ORVW 7KH\ IRXQG RXW WKDW WKH YDSRXU SOXPH FRQVLVWV RI WZR SDUWV 7KH ORZHU SDUW KDV DERXW PP KHLJKW DQG LV
IRUPHGE\ WKH ODVHULQGXFHGZHDNO\ LRQL]HGSODVPD MHW FRQVLVWLQJRI WKHPHWDO YDSRU IURP WKHNH\KROH ,WKDVQR
LQIOXHQFHRQ WKH ILEHU ODVHU UDGLDWLRQDQG WKHZHOGLQJSURFHVV7KHXSSHUSDUW UHDFKHVXS WRPPKHLJKWDQG LV
IRUPHGE\WKHHPLVVLRQRIVPDOOFRQGHQVHGSDUWLFOHV)LJE7KHLQWHJUDODWWHQXDWLRQRIWKHKLJKSRZHUILEHUODVHU
EHDPZDVFDOFXODWHGZKHQLWSURSDJDWHGWKURXJKWKHZKROHSOXPHKHLJKWZLWKDERXW6KFKHJORYHWDO
7KHHIIHFWRIPHWDOYDSRUFRQGHQVDWLRQPXVWEHWDNHQLQWRFRQVLGHUDWLRQZKHQGHYHORSLQJODVHUZHOGLQJWHFKQRORJ\
ZLWKGHHSPHOWWKURXJKLQSDUWLFXODULQSURFHVVHVZLWKRXWVKLHOGLQJJDVHVOLNHUHPRWHODVHUZHOGLQJ8VSHQVNL\HW
DO

D E
)LJD7\SLFDOIRUPRIWKHSUREHEHDPWUDQVPLVVLRQVLJQDOGXULQJZHOGLQJEYLGHRREVHUYDWLRQRIWKHFRQGHQVHGSDUWLFOHFORXGGXULQJWKH
ZHOGLQJSURFHVV

,Q PDQ\ FDVHV QRZDGD\V DGYDQFHGPRGHOOLQJ WHFKQLTXHV DUH DSSOLHG WR XQGHUVWDQG DQG WR RSWLPL]H WKH ODVHU
K\EULG ZHOGLQJ SURFHVV 7KHUIRUH GLIIHUHQW VLPXODWLRQ WHFKQLTXHV DUH DSSOLHG 2QH DVSHFW LV WKH
VLPXODWLRQUHFRQVWUXFWLRQ RI WKH ZHOGLQJ WHPSHUDWXUH ILHOG .DUNKLQ HW DO  VLPXODWHG WKH LQYHUVH KHDW
FRQGXFWLRQ SUREOHPV ZLWK H[WHQGHG DQDO\WLFDO KHDW VRXUFH PRGHOV ,Q FRPSDULVRQ WR NQRZQ WHFKQLTXHV WKH QHZ
LQWURGXFHGSDUDEROLFHQHUJ\GLVWULEXWLRQDOORZVWRPRGHOFRPSOH[VHDPVKDSHVVXFKDVODVHUK\EULGZHOGVLQWKLFN
SODWHVE\XVDJHRIRQO\DVLQJOHKHDWVRXUFH7KHSDUDPHWHUVRIWKHKHDWVRXUFHPRGHOVDUHXQNRZQDSULRULDQGKDYH
WREHHYDOXDWHGE\VROYLQJDQLQYHUVHKHDWFRQGXFWLRQSUREOHP7KHPDLQDGYDQWDJHFDQEHVHHQLQWKHGUDVWLFDOO\
UHGXFHGWLPHRQHGLUHFWVLPXODWLRQWDNHVDERXWVIRUGDWDLQSXWDQGVROXWLRQ,QDQRWKHUSDSHU3LWWQHUHWDO
VKRZHGH[HPSODULO\IRUDODVHU*0$:K\EULGZHOGLQJH[SHULPHQWWKDWWKHH[SHULPHQWDOWHPSHUDWXUHILHOGFRXOGEH
UHFRQVWUXFWHGRQWKHEDVLVRIZLGWKYDOXHVRIWKHIXVLRQOLQHLQWKHPDFURVHFWLRQWRSZHOGSRROOHQJWKDQGDVLQJOH
H[WUDFWHGWHPSHUDWXUHYDOXHRIWKHWKHUPDOF\FOHGXULQJWKHFRROLQJSKDVH7KHDJUHHPHQWVEHWZHHQH[SHULPHQWVDQG
VLPXODWLRQZHUHH[FHOOHQW2WKHUZRUNLQJJURXSVFRQFHQWUDWHRQSURFHVVPRGHOOLQJWRXQGHUVWDQGWKHHIIHFWVGXULQJ
ZHOGLQJ DQG WR RSWLPL]H WKHLU SURFHVVHV2WWR HW DO &KR HW DO =KDQJ HW DO  VLPXODWHG IXOO
SHQHWUDWLRQ ODVHU ZHOGLQJ RI WKLFN VWHHO SODWHV ZLWK KLJK SRZHU KLJK EULJKWQHVV ODVHU QXPHULFDOO\ 7KH WUDQVLHQW
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HYROXWLRQ RI WKHPROWHQ SRRO DQG WKH NH\KROH LQ WKH TXDVL VWHDG\ VWDJH RI ODVHU IXOO SHQHWUDWLRQZHOGLQJ KDV DQ
RELRXVO\SHULRGLFFKDUDFWHU7KHWUDQVLHQWIORZILHOGRIWKHPROWHQSRROLVWKHRXWFRPHRIWKHG\QDPLFFRPSHWLWLRQ
EHWZHHQUHFRLOSUHVVXUHDQGVXUIDFHWHQVLRQ$W\SLFDOF\FOHRIPROWHQSRROIOXFWXDWLRQZDVGHWHUPLQHGWREHDERXW
PV6RKDLOHWDO GLVFXVVHG WKHFKDUDFWHULVWLFVRIZHOGSRROEHKDYLRU LQ ODVHUZHOGLQJZLWKYDULRXVSRZHU
LQSXWVIRUGLVNDQGILEHU ODVHUZHOGLQJEHWZHHQN:DQGN:ODVHUSRZHU+LJKHU ODVHUSRZHUVOHDGWRELJJHU
YRUWH[IORZSDWWHUQV7KLVZRUNZDVH[WHQGHGE\6RKDLOHWDOIRUWKHILEHUODVHUZHOGLQJDWGLIIHUHQWZHOGLQJ
SRVLWLRQV1DHWDOIRXQGRXWWKDWLQIXOOSHQHWUDWLRQFDVHVDQHFNHGZHOGSRROVKDSHZDVREVHUYHGDQGWKDW
WKHZHOGLQJSRVLWLRQVHHPVWRKDYHDPLQRULQIOXHQFHRQWKHEHDGIRUPDWLRQ+RZHYHUWKHZHOGLQJSRVLWLRQKDVDQ
LQIOXHQFHRQWKHZHOGSRROVKDSHV
(OHFWURPDJQHWLFZHOGVXSSRUWV\VWHP
0RGHUQ KLJK SRZHU ODVHU EHDP V\VWHPV HQDEOH HIILFLHQW DQG IDVW MRLQLQJ RI WKLFN FRPSRQHQWV IRU YDULRXV
DSSOLFDWLRQVHJSUHVVXUHYHVVHOVSLSHOLQHVDQGSRZHUSODQWSDUWV7KHLUIXOOH[SORLWDEOHSRWHQWLDOEHFRPHVREYLRXV
LQIXOOSHQHWUDWLRQZHOGLQJ:HOGLQJGLVWRUWLRQVDQGSRURVLW\GXHWRNH\KROHWLSLQVWDELOLWLHVDUHUHGXFHGDWDORZKHDW
LQSXW DQG D IDVW SURFHVVLQJ VSHHGZKHQ FRPSDUHG WR FRQYHQWLRQDOZHOGLQJ WHFKQLTXHV IRU WKLFN VHFWLRQ MRLQWV$
OLPLWLQJIDFWRULQPRVWZHOGLQJSRVLWLRQVDQGHVSHFLDOO\LQ3$SRVLWLRQIRUIXOOSHQHWUDWLRQZHOGLQJRIWKLFNSODWHVLV
WKHJUDYLWDWLRQDOIRUFHDFWLQJRQWKHPROWHQPDWHULDO7KLVOHDGVWRKLJKYDOXHVRIWKHK\GURVWDWLFSUHVVXUHLQWKHPHOW
WKDWFDQDERYHDFULWLFDOWKUHVKROGQRORQJHUEHLQEDODQFHZLWKWKHVXUIDFHWHQVLRQIRUFHV7KLVHIIHFWFDQSURYRNHD
QRQDFFHSWDEOHGHFUHDVHRIWKHZHOGFURVVVHFWLRQDODUHDNHUIVRUHYHQDVHYHUHGURSRXWRIOLTXLGPHWDO
)XUWKHU LVVXHVZKLFK FDQ FDXVH DPHFKDQLFDO SRVWWUHDWPHQW RI WKHZHOGHG SODWHV DUH GXH WR WKH IRUPDWLRQ RI
VSDWWHUVLQWKHXSSHUUHJLRQRIWKHZHOGHGFRPSRQHQWVDQGDURXJKRUZDY\VXUIDFHILQLVK7KH\PD\DULVHIURPWKH
KLJKO\G\QDPLFEHKDYLRURI WKHPROWHQPDWHULDO HJGXH WRNH\KROH IOXFWXDWLRQVDQGHYDSRUDWLRQRIPDWHULDOEXW
DOVRIURPWKH0DUDQJRQLHIIHFWEHLQJSUHVHQWDWWKHIUHHVXUIDFHVRIWKHZHOGEHDG
$ SURPLVLQJ RSSRUWXQLW\ WR HOLPLQDWH WKH LPSDFW RI WKH GHVFULEHG HIIHFWV RQ WKH ZHOG SRRO EHKDYLRU LV WKH
DSSOLFDWLRQ RI FRQWDFWOHVV H[WHUQDO PDJQHWLF ILHOGV ZKLFK ZDV WKRURXJKO\ LQYHVWLJDWHG LQ WKH ODVW \HDUV
H[SHULPHQWDOO\EXWDOVRQXPHULFDOO\7KHPDWHULDOSURFHVVLQJZLWKHOHFWURPDJQHWLFIRUFHVZDVDOUHDG\DSSOLHGWRD
YDULHW\RIHQJLQHHULQJSURFHVVHV$VDL ,QPHWDOFDVWLQJDQHOHFWURPDJQHWLF VWLUULQJFDQ LQIOXHQFH WKHJUDLQ
VWUXFWXUH DW WKH VROLGLILFDWLRQ IURQW0RIIDWW DQG DOVR WKH UHVXOWLQJPLFURVWUXFWXUH %DUPDQHWDO EXW
SRVLWLYH HIIHFWV ZLWK GLIIHUHQW SXUSRVHV ZHUH DOVR SXEOLVKHG DPRQJVW RWKHUV UHODWHG WR FU\VWDO JURZWK
'HQQLVHWDODQGVXUIDFHDOOR\LQJ9HOGHHWDO)XUWKHULQYHVWLJDWLRQVUHSRUWRQWKHVXUIDFHTXDOLW\DQG
DOVR WKH GLOXWLRQ RI ILOOHUPDWHULDOV LQZHOGLQJ SURFHVVHV =KDRHWDO*DW]HQHWDO$Q RYHUYLHZ RQ
GLIIHUHQWHOHFWURPDJQHWLFDSSOLFDWLRQVLQDUFDQGODVHUEHDPZHOGLQJFDQEHDOVRIRXQGLQ9ROOHUWVHQHWDO
,QFDVHRIDSSOLHGRVFLOODWLQJPDJQHWLFILHOGVHGG\FXUUHQWVDUHLQGXFHGZLWKLQWKHHOHFWURPDJQHWLFVNLQGHSWKRI
WKHPDWHULDOZKLFKDUHRULHQWDWHGSDUDOOHOWRWKHZHOGLQJGLUHFWLRQ7KHJHQHUDWHGWLPHDYHUDJHG/RUHQW]IRUFHVDUH
GLUHFWHGDORQJWKHJUDGLHQWRIWKHPDJQHWLFILHOGDZD\IURPWKHPDJQHWV\VWHP7KXVSRVVLEOHDSSOLFDWLRQVRIVXFKD
PDJQHWV\VWHPDUHPDQLIROGHJDEDODQFLQJRIWKHK\GURVWDWLFSUHVVXUHZKHQWKHPDJQHWZDVPRXQWHGEHORZWKH
ZHOGLQJ ]RQH $YLORYHWDO %DFKPDQQHWDO DQG %DFKPDQQHWDOD IRU DOXPLQXP DOOR\V
-RQHVHWDO$YLORYHWDO$YLORYHWDODQG%DFKPDQQHWDODEFIRUDXVWHQLWLFVWDLQOHVV
VWHHOVDQG$YLORYHWDODQG%DFKPDQQHWDOEIRUVWHHOVZLWKIHUURPDJQHWLFSURSHUWLHV7KXVWKHXVH
RIFRQYHQWLRQDOEDFNLQJEDUVZKLFKLPSO\WKHQHHGIRUDPHFKDQLFDOUHPRYDODIWHUZHOGLQJFDQEHDYRLGHG)XUWKHU
DSSOLFDWLRQVSXUVXHDVPRRWKHQLQJRIWKHVXUIDFHDQGDGHJDVVLQJRIWKHPHOWZKHQWKHPDJQHWZDVDSSOLHGDERYHWKH
ZHOG SRRO 6FKQHLGHUHWDO DQG %DFKPDQQHWDOE 7KHUHE\ WKH IRUPHU LV SK\VLFDOO\ EDVHG RQ WKH
YDULDWLRQRIWKHLQGXFHG/RUHQW]IRUFHGHSHQGLQJRQWKHYHUWLFDOGLVWDQFHRIWKHPHOWWRWKHPDJQHW7KHODWWHUHIIHFW
UHIHUVWRWKHRUGHUVRIPDJQLWXGHGLIIHUHQWHOHFWULFDOFRQGXFWLYLWLHVRIOLTXLGPHWDODQGJDVEXEEOHVLQWKHZHOGSRRO
$ IXUWKHU FRPSRQHQW RI WKH HOHFWULF FXUUHQWV IRUPV GXH WR WKH PRYHPHQW RI HOHFWULFDOO\ FRQGXFWLQJ SDUWLFOHV
SHUSHQGLFXODU WR WKH DSSOLHGPDJQHWLF ILHOG DFFRUGLQJ WR WKH JHQHUDOL]HG2KP¶V ODZ 7KH FRUUHVSRQGLQJ /RUHQW]
IRUFHFRQVLVWVRIDFRPSRQHQWWKDWLVGLUHFWHGDJDLQVWWKHRULJLQDOPHOWYHORFLW\WKXVDFWLQJDVDEUDNLQJIRUFHZKLFK
LVFDOOHG+DUWPDQQHIIHFW+HQFH WKH LPSDFWRI0DUDQJRQLIRUFHVFDQEHGHFUHDVHGDQG WKHG\QDPLFV LQ WKHZHOG
SRRO LQ WHUPV RI SHDNYHORFLWLHV DWWHQXDWHV%DFKPDQQHWDOE DQG%DFKPDQQHWDOD$ UHGXFWLRQRI
ZHOG SRRO GLPHQVLRQV DQG D IORZ GDPSLQJ ZKHQ DSSO\LQJ D VWDWLRQDU\ PDJQHWLF ILHOG ZDV DOVR UHSRUWHG
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

)LJ)XOOSHQHWUDWLRQZHOGLQJRIPPWKLFN$O0J
ZLWKDQGZLWKRXWHOHFWURPDJQHWLFVXSSRUWWDNHQIURP
$YLORYHWDO:HOGLQJVSHHGZDVPPLQZLWK
N:ODVHUSRZHU7KHRVFLOODWLRQIUHTXHQF\ZDV+]
DQGWKHDSSOLHGPDJQHWLFIOX[GHQVLW\ZDVDURXQGP7
7KHFRUUHVSRQGLQJHOHFWURPDJQHWLFSRZHUZDVDURXQG
:UPV
 




)LJ)XOOSHQHWUDWLRQZHOGLQJRIXSWRPPWKLFNGXSOH[VWDLQOHVVVWHHO
$,6,WDNHQIURP%DFKPDQQHWDOE:HOGLQJVSHHGZDV
PPLQZLWKN:DQGN:ODVHUSRZHUUHVSHFWLYHO\
*DW]HQHWDO $ VFKHPDWLF LOOXVWUDWLRQ RI WKH HOHFWURPDJQHWLF ZHOG SRRO VXSSRUW V\VWHP DV ZHOO DV WKH
HOHFWURPDJQHWLFGHFHOHUDWLRQRIWKHPHOWFDQEHVHHQLQ)LJ
$YHU\VHQVLWLYHLVVXHIRUWKHLQGXFWLYHZHOGSRROVXSSRUWLVWKHGLVWULEXWLRQRIWKHHOHFWURPDJQHWLFSURSHUWLHVLQ
DQGDURXQGWKHIXVLRQ]RQHQDPHO\WKHHOHFWULFDOFRQGXFWLYLW\ZKLFKLVXVXDOO\PXFKORZHULQOLTXLGVWDWHFRPSDUHG
WR WKHYDOXHVRI VROLGPDWHULDO DW URRP WHPSHUDWXUHDQGSDUWLFXODUO\ WKH UHODWLYHPDJQHWLFSHUPHDELOLW\7KXV WKH
SULQFLSDO LQYHVWLJDWLRQV ZHUH FRQGXFWHG IRU DOXPLQXP DOOR\V $YLORYHWDO %DFKPDQQHWDO DQG
%DFKPDQQHWDOD DQG DXVWHQLWLF VWDLQOHVV VWHHOV %DFKPDQQHWDODEFZLWKRXWRU LI DQ\ZHDNQRQ
IHUURPDJQHWLFEHKDYLRU ,Q FDVHRIGXSOH[RU IHUULWLF VWDLQOHVV VWHHOV WKH UHODWLRQEHWZHHQPDJQHWLF ILHOG DQG IOX[
GHQVLW\EHFRPHVQRQOLQHDUZLWKDVWURQJHOHFWURPDJQHWLFK\VWHUHVLV ORRS WKDWFDXVHVDGGLWLRQDOSRZHU ORVVHV WKXV
FRQYHUWLQJ WKHDSSOLHGHOHFWURPDJQHWLFSRZHUQRWRQO\ LQHOHFWURPDJQHWLF LQGXFHGSUHVVXUHEXWDOVR LQKHDW ORVVHV
VXSSOHPHQWDU\WR2KPLFORVVHV,QWKHFDVHRIZHOGLQJWKLQJVEHFRPHHYHQPRUHFRPSOLFDWHGDVWKHPDWHULDOORVHV
LWVIHUURPDJQHWLFSURSHUWLHVZKHQEHLQJKHDWHGDERYHWKH&XULHWHPSHUDWXUHVRWKDWWKHUHFRH[LVWUHJLRQVZLWKDQG
ZLWKRXWPDJQHWLFK\VWHUHVLVEHKDYLRU
1HYHUWKHOHVVWKHHOHFWURPDJQHWLFZHOGVXSSRUWV\VWHPFRXOGEHHVWDEOLVKHGIRUDOODIRUHPHQWLRQHGPDWHULDOV

   

)LJ6FKHPDVRIWKHLQGXFWLYHZHOGSRROVXSSRUWOHIWDQGWKH+DUWPDQQHIIHFWULJKWLQKLJKSRZHUODVHUEHDPZHOGLQJWDNHQIURP
%DFKPDQQHWDOE
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)LJ+DUWPDQQHIIHFWLQODVHUEHDPZHOGLQJRI$O0J7KHZHOGLQJVSHHGZDVPPLQDQGWKHODVHUSRZHUZDVN:WDNHQIURP
%DFKPDQQHWDOD
([HPSODU\ IXOO SHQHWUDWLRQZHOGLQJ WHVW UHVXOWVZLWKRXW DQGZLWK DSSOLHG/RUHQW] IRUFHV DVZHOO DVZHOG FURVV
VHFWLRQVFDQEHVHHQLQ)LJ:LWKRXWHOHFWURPDJQHWLFIRUFHVWKHPHOWGURSVRXWRIWKHZHOGVHDPFRPSOHWHO\
ZKHUHDVDFRPSHQVDWLRQRIWKHK\GURVWDWLFSUHVVXUHLQWKHFROXPQRIOLTXLGPDWHULDOZDVVXFFHVVIXOZLWKPRGHUDWH
HOHFWURPDJQHWLFSRZHU OHYHOV7KHQRQXQLIRUPLW\RI WKH ORZHU VXUIDFHZDVGXH WR WKHYDULDWLRQRI WKHRVFLOODWLQJ
PDJQHWLFILHOGLQWKHYLFLQLW\RIWKHPDJQHWHGJHVZKLFKUHVXOWVLQVWLUULQJHIIHFWVWKHUH7KLVHIIHFWGRHVQRWRFFXU
ZKHQXVLQJDODUJHUPDJQHWSROHGLVWDQFH$YLORYHWDODQG%DFKPDQQHWDO6LPLODUYHU\SURPLVLQJ
UHVXOWVZHUH IRXQGIRUDXVWHQLWLF VWDLQOHVV VWHHO %DFKPDQQHWDODEFDVZHOODVGXSOH[VWDLQOHVV VWHHO VHH
)LJ$YLORYHWDO%DFKPDQQHWDOE7KHSRVVLELOLW\WRXVHWKH+DUWPDQQHIIHFWLQKLJKSRZHUGHHS
SHQHWUDWLRQ ODVHU EHDP ZHOGLQJ WR LPSURYH WKH VXUIDFH TXDOLW\ DQG WR KRPRJHQL]H WKH ZHOG JHRPHWU\ ZDV DOVR
GHPRQVWUDWHGLQ%DFKPDQQHWDOD7ZRSHUPDQHQWPDJQHWVZLWKDPDJQHWLFIOX[GHQVLW\RIDURXQGP7
ZHUHPRXQWHGWRWKHODWHUDOVLGHVRIDPPZLGH$O0JZHOGLQJSLHFH7KHEUDNLQJHIIHFWRIWKH/RUHQW]IRUFHV
ZKLFKDUHVHOILQGXFHGE\WKHPRYHPHQWRIWKHOLTXLGPDWHULDOSHUSHQGLFXODUWRWKHDSSOLHGPDJQHWLFILHOGLVFOHDUO\
YLVLEOH LQ)LJ7KHZHOG VXUIDFHZLWK DSSOLHG VWDWLRQDU\PDJQHWLF ILHOGVEHFRPHV IODW DQG WKH VLGHZDOOV RI WKH
ZHOG VHDP DUHPRUH SDUDOOHO FRPSDUHG WR WKH UHIHUHQFH FDVH$V EHIRUH LQ DOO SUHVHQWHG FDVHV WKH H[SHULPHQWDO
UHVXOWVZHUHH[WHQVLYHO\DQGVXFFHVVIXOO\EDFNHGE\QXPHULFDOVLPXODWLRQV
/DVHUEHDPZHOGLQJXQGHUYDFXXPUHGXFHGSUHVVXUH
$QRWKHUYHU\ LQWHUHVWLQJ WUHQGGXULQJ WKH ODVW IHZ\HDUV LV WRZHOGZLWK ODVHUEHDPVXQGHUYDFXXPRU UHGXFHG
SUHVVXUH DOWKRXJK ILUVW SXEOLFDWLRQV FDQ EH IRXQG LQ WKH V $UDWD HW DO  DQG V9HUZDHUGH HW DO
$UDWDUHDFKHGPPSHQHWUDWLRQZLWKN:ODVHUSRZHU&2ODVHUDQGDOUHDG\SURSRVHGYDFXXPODVHU
ZHOGLQJZLWKDQDHURG\QDPLFZLQGRZIRUSUDFWLFDODSSOLFDWLRQV
7KHRYHUDOOLGHDLVWRHOLPLQDWHUHGXFHWKHSOXPHZKLFKUHGXFHVWKHZHOGLQJSHQHWUDWLRQDQGWRUHDFKSHQHWUDWLRQV
ZLWK D ODVHU ZKLFK DUH RWKHUZLVH RQO\ SRVVLEOH E\ HOHFWURQ EHDP ZHOGLQJ .DWD\DPD HW DO  UHDFKHG
SHQHWUDWLRQVLQW\SHVWHHORIPRUHWKDQPP#N:SRZHUPPLQYHORFRLW\DQGDSUHVVXUHRIN3D
7KHRYHUDOOLQWHUDFWLRQEHWZHHQODVHUEHDPDQGSOXPHEHFDPHVPDOOHUZLWKGHFUHDVHGSUHVVXUH8VLQJWKLVDSSURDFK
GHHSO\ SHQHWUDWHG ODVHUZHOG EHDGV RIPRUH WKDQ PP LQ GHSWK FRXOG EH SURGXFHG#N: DQG PPLQ DW
DWPRVSKHULFSUHHVVXUHDQGDVRXQGZHOGEHDGFRXOGEHPDGHLQDVWDLQOHVVVWHHOSODWHRIPPLQWKLFNQHVVZLWKWZR
SDVVHVIURPERWKVXUIDFHVLGHV0RUHRYHU LWZDVFRQILUPHGWKDW ODVHUZHOGEHDGVRIDERXWPPWRPPLQ
GHSWKZHUH IRUPHG XQGHU WKHZHOGLQJ FRQGLWLRQV RI WKH KLJK ODVHU SRZHU RI  N: WR N: WKH ORZ VSHHG RI
PPLQDQGWKHORZYDFXXPRIN3D.DWD\DPD5HLVJHQHWDODVKRZHGWKDWZLWKWKHLUODVHUEHDP
ZHOGLQJ XQGHU YDFXXP /D9D SURFHVV D VLJQLILFDQW LQFUHDVH LQ SURFHVV VWDELOLW\ DW ORZ ZHOGLQJ VSHHGV FDQ EH
REWDLQHGZKLFKOHDGVWRDKLJKZHOGVHDPTXDOLW\DQGKLJKSHQHWUDWLRQGHSWKV,Q6DQG64/WKH\UHDFKHG
SHQHWUDWLRQV RI PP ZLWK  N: #  PPLQ DQG  K3D 7KH\ SUHVHQW YHU\ LPSUHVVLYH SHQHWUDWLRQ DQG
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EHDP WHFKQRORJ\ LV WKDW ILQH YDFXXP FRQGLWLRQV DUH QRW QHFHVVDU\ YHU\ LPSUHVVLYH UHVXOWV ZHUH DFKLHYHG DW D
SUHVVXUHRIDERXWK3DZKLFKUHGXFHVWKHRYHUDOOFRVWVDQGRSHQVDOVRDSSOLFDWLRQVRXWVLGHDYDFXXPFKDPEHU
7KHUHIRUHDQRWKHULQWHUHVWLQJVROXWLRQZDVSUHVHQWHGE\6FKQHLGHUHWDODEF7KH\SUHVHQWDQDSSDUDWXVIRU
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PRELOH ZHOGLQJ ZKLFK DOORZV WR SURGXFH D SUHVVXUH RI  PEDU DURXQG WKH LQWHUDFWLRQ ]RQH 'XH WR WKH ORZ
SUHVVXUH WKHYDSRXUSOXPHIRUPDWLRQ LVGHSOHWHGDQG WKHZHOGLQJGHSWKLVDURXQGKLJKHUFRPSDUHG WRZHOGV
SURGXFHG DW DPELHQW SUHVVXUH 7KH FRQVWUXFWLRQ LV FRPSDFW DQG LQGHSHQGHQW RI WKH VL]H RI WKH FRPSRQHQW WR EH
ZHOGHG )RU WKH XVDJH RI WKH YDFXXP FDS RQO\ D YDFXXP SXPS DQG FRPSUHVVHG DLU VXSSO\ DUH QHHGHG 7KH
DHURG\QDPLFZLQGRZDVDOUHDG\SURSRVHGE\$UDWDHWDOPDNHVLWSRVVLEOHWRVXEVWLWXWHDFRQYHQWLRQDOFURVV
MHWDQGHOLPLQDWHVWKHQHFHVVLW\RIXVLQJRSWLFDOFRPSRQHQWVIRUWKHSUHVVXUHVWDJHVHH)LJ
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6XPPDU\DQG&RQFOXVLRQV
$VIROORZVIURPWKHSUHVHQWDQDO\VLVWKHKLJKSRZHUODVHUEHDPZHOGLQJWHFKQRORJ\KDVPDGHDODUJHSURJUHVVLQ
WKHODVWGHFDGHDQGZDVHVWDEOLVKHGLQGLIIHUHQWLQGXVWULDODSSOLFDWLRQV2QHRIWKHPRVWSURVSHFWLYHWHFKQRORJLHVIRU
KHDY\ FRPSRQHQWV DVVHPEOLQJ FRXOG EH VHHQ LQ K\EULG ODVHU DUF ZHOGLQJ 7KLV W\SH RI WKH ZHOGLQJ SURFHVV KDV
QXPHURXV DGYDQWDJHV DVVRFLDWHG WR XVLQJ RI ILOOHUPDWHULDO LQ FRPSDULVRQ WR DQ DXWRJHQRXV ODVHU SURFHVV DPRQJ
WKHPWKHKLJKHUWROHUDQFHVWRWKHJDSDQGPLVDOOLQJPHQWDQGDKLJKHUSURFHVVVWDELOLW\DUHWKHPRVWLPSRUWDQWRQHV
(VSHFLDOO\IRUSLSHOLQHVWHHOVWKHVHFRXOGEHDQLPSRUWDQWIDFWRUSURPRWLQJLWVLQGXVWULDOLPSOHPHQWDWLRQLQ\HDUVWR
FRPH
$ELJSURJUHVVKDVEHHQDFKLHYHG LQJDLQLJEHWWHUXQGHUVWDQGLQJRI WKHZHOGLQJSKHQRPHQDGXULQJKLJKSRZHU
ODVHU ZHOGLQJ E\ XVLQJ ERWK H[SHULPHQWDO DQG VLPXODWLRQ WHFKQLTXHV $SSOLFDWLRQ RI PRGHUQ KLJK VSHHG YLGHR
REVHUYDWLRQ LQ VLWX [UD\ VFUHHQLQJ DQG GLIIHUHQW SURFHVV GLDJQRVWLFPHWKRGV HOXFLGDWHG WKHPHFKDQLVPV RI KHDW
FRQYHUVLRQLQWKHNH\KROHDQGKHDWDQGPDVVIORZLQWKHOLTXLGPHWDODVZHOODVEHDPLQWHUDFWLRQZLWKHYDSRUDWLRQ
SURGXFWV GHWHUPLQLQJ ZHOGLQJ SURFHVV G\QDPLFV DQG LQ ORQJ UXQ WKH TXDOLW\ RI WKH ZHOG MRLQW 7KH GLIIHUHQW
VLPXODWLRQ WHFKQLTXHV OLNH )(0 &)' DQG DQDO\WLFDO FRPSXWDWLRQDO PHWKRGV SURYLGH DGGLWLRQDO SRVVLELOLWLHV IRU
DQDO\VLVRIWKHZHOGLQJSKHQRPHQD
1HZDSSURDFKHVKDYHVLJQLILFDQWO\FRQWULEXWHGWRH[WHQGLQJWKHSURFHVVERXQGDULHVIDUEH\RQGWKHNQRZQOLPLWV
7KXVDSSOLFDWLRQRIHOHFWURPDJQHWLFILHOGVIRUPHOWSRROFRQWUROGXULQJODVHUEHDPZHOGLQJRIWKLFNSODWHVKHOSHGWR
VROYHWKHSUREOHPRIK\GURVWDWLFSUHVVXHLQGXFHGOLTXLGPHWDOGURSRXWQRWRQO\IRUQRQIHUURPDJQHWLFPDWHULDOVEXW
DOVRIRUIHUULWLFDXVWHQLWLFDQGIHUULWLFVWHHOV:LWKKHOSRIVSHFLDOL]HGV\VWHPVDOORZLQJWRFUHDWHDUHGXFHGSUHVVXUH
HQYLURQPHQWDURXQGWKHZHOGLQJSURFHVV]RQHLWEHFDPHSRVVLEOHWRVLJQLILFDQWO\LQFUHDVHWKHSHQHWUDWLRQGHSWKDQG
WRUHDOL]HVWDEOHZHOGLQJSURFHVVHVDWORZHUZHOGLQJVSHHGVDVFRPSDUHGWRWKRVHW\SLFDOO\XVHGIRUKLJKSRZHUODVHU
ZHOGLQJSURFHVVHVDWDWPRVSKHUH
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N:ZHOGLQJVSHHGPPLQ
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